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INTRODUCTION 
Mercury (^ -Hg) is a pressure-induced modification of 
solidified mercury which was first observed by Bridgman above 
200°K at pressures in excess of 10,000 atmospheres (l). On 
the basis of his data, the zero pressure transformation from 
the normal oi. structure to the ^ phase could be expected to 
occur near 80°K. Specific heat (2, 3), metaliographic (4), 
and X-ray diffraction (4) work gave no indication of such a 
transition down to liquid helium temperature. The work of 
Jennings and Swenson showed an anomalous dependence on pres­
sure of the superconducting transition of mercury (5), with 
various results being obtained both for this quantity and the 
zero pressure transition, depending upon the thermal and 
mechanical history of the sample. Subsequent -work by Swenson 
(5) extended Bridgman's transition data to lower temperatures 
and showed large pressure hysteresis and time effects along 
the transition line. Swenson1s work also gave compressibil­
ities and molar volumes of the two phases and changes in the 
thermodynamic parameters along the transition line. The in­
vestigation by Jennings and Swenson suggested that the 
phase also was superconducting, and the present work shows 
this to be correct. 
The Bardeen-Cooper-Schrieffer theory of superconductivity 
(?) uses, as a first approximation, the assumption that the 
superconducting transition is dependent only upon the volume 
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and is, therefore, independent of crystal structure. Lan­
thanum, which is not an ideal superconductor, is the only 
other known example of an element existing in two supercon­
ducting crystallographic modifications (8) . The and p 
modifications of mercury both exhibit almost ideal supercon­
ducting properties (9), and, thus, offer a means for observing 
the effect of the crystal structure on the transition tempera­
ture and on the critical field at absolute zero. 
The superconducting state can be thought of as a region 
in PTH space where P is the pressure, T the temperature and H 
the magnetic field (10). The transition through the surface 
of this region to the normal state of a metal is most conve­
niently studied by holding one of the coordinates fixed and 
varying the other two. 
From thermodynamic arguments (10, 11) it can be shown 
that the derivatives of the H vs T curve at P = constant yield 
the difference in specific heats of the normal and supercon­
ducting states (Cn - Cs). It is commonly assumed that the 
thermodynamic functions of the lattice do not change at the 
transition so this relation can be written as (C® - c|). 
Free electron theory (12) gives a linear temperature depend­
ence for C® and, since C® approaches zero rapidly (?) as T 
approaches zero, Cn predominates at low temperatures and 
this difference calculation can be shown to yield X-, the 
coefficient of the temperature in the expression for the 
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normal electronic specific heat. 
This calculation is especially useful for mercury, since, 
due to a low Debye 0 , the lattice contribution to the specif­
ic heat is much larger than the electronic contribution, and 
there is little hope of measuring Ce directly. The low Debye 
0 can be correlated through the ratio T0/@ with the anom­
alous positive deviation from parabolic behavior exhibited by 
the H vs T curves of mercury and lead (13, 14). The H vs T 
curves of all other known superconductors (for which Tc/G is 
smaller than for Hg and Pb) also deviate slightly from para­
bolic behavior but in the opposite direction. This deviation 
plot as a function of temperature provides a convenient method 
for comparison of critical field data. 
A measurement of the pressure variation of HC(T) gives 
directly the pressure dependence of the specific he at (or 
data and similar thermodynamic arguments to those mentioned 
above permit calculation of the contribution to the thermal 
expansion of the electrons in the normal and superconducting 
states (15). Again, because of the low Debye & for mercury, 
and therefore, a correspondingly large lattice contribution, 
this method affords probably the only method of obtaining 
these electronic contributions to the thermal expansion. 
It was of interest to study the thermodynamic properties 
of the two phases of mercury in some detail, and as a first 
entropy) differences. The combination of HC(T) and 
4 
step it was necessary to demonstrate conclusively that two 
distinct crystallographic phases existed. A relatively simple 
X-ray cryostat was designed and built for taking Debye-
Scherrer powder pictures at liquid bath temperatures. From 
the phase diagram, Fig. 1, it is seen that (3-Hg is stable at 
zero pressure below 79°K so X-ray exposures could be taken at 
liquid nitrogen temperatures. The structure of -Hg was 
found to be body-centered tetragonal, whereas the structure of 
o£-Hg is simple rhombohedral (16). The {3 structure is highly 
anisotropic (Fig. p) so physical properties would be expected 
to depend strongly upon the crystallographlc direction in 
which they were measured. No information as to this anlso-
tropy was obtained, and resistivity measurements on the two 
phases as a function of temperature were made with presumably 
polycrystalline samples. 
The mechanism of the of -§ Hg transformation was of inter­
est because of the "reluctance" of the transition to occur, as 
is evidenced by the "region of indifference" in Fig. 1. In 
both Swenson1 s work, and in this investigation, the transition 
rate appeared to be shear sensitive. These indications 
prompted an attempt to show that the observed characteristics 
of the transition could best be interpreted as martens!tic. 
There are two very broad classifications of solid-solid trans­
formations: martens!tic (or diffus!onless) and nucleation-
and-growth (17). These two types of transformations are most 
Fig. 1. Phase diagram of mercury 
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easily distinguished by their thermal and diffusion proper­
ties. The nucleatlon-and-growth mechanism is a thermally 
activated diffusion process in contrast with the martensitic 
transformation which is a diffusionless process characterized 
by regular movements of large aggregates of molecules giving 
a change of shape (18). The martensitic transformations are 
usually athermal. 
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APPARATUS Aim PROCEDURE 
This research Involved four types of low temperature 
measurements on both oC end (3-Hg; these Included X-ray powder 
pictures at 4°K and 77°K, electrical resistance 9s a function 
of temperature, and superconducting transition temperatures as 
s function of both magnetic field and pressure. In addition 
to the apparatus needed to produce and manipulate the (3 -Hg 
samples, four pieces of equipment were required for these 
measurements. 
Sample Preparation 
Samples for the X-ray resistance and zero pressure criti­
cal field work were formed by extrusion (S) . This process 
consisted of forcing the mercury, at 78 °K, through a hole so 
small (diam ^ .016 in) that pressures of the order of 7000 
atmospheres were necessary to initiate flow. With this pres­
sure one was assured of formation of the jS phase in the 
cylinder proper (see phase diagram Fig. l), end if the rate of 
extrusion was of the order of an inch an hour, there appeared 
to be negligible local heating and no back conversion to 
o^-Hg. Subsequent X-ray work showed that this technique 
yielded polycrystalllne samples with no discernable preferred 
orientation. A convenient, though destructive check for the 
j3 phase involved measuring the resistance of a sample under 
liquid nitrogen, holding It In the vapor above the liquid 
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nitrogen for about 10 seconds, and then measuring its resist­
ance again under the nitrogen. The measured resistance in­
creased by about a factor of two if the sample transformed 
from ^ to oC-Hg. 
Once formed, the sample could be kept indefinitely in 
liquid nitrogen. It was noticed thst freshly made wire was 
considerably more springy than that which had been annealed in 
the nitrogen bath for several weeks; thus care was taken in 
handling the wire, so as not to work-harden it. Since a few 
seconds exposure to the vapor above the liquid nitrogen sur­
face resulted in the transformation of the ^ sample to <=<.-Hg, 
it was necessary to do all manipulations of the samples under 
liquid nitrogen. Samples were transported conveniently from 
the storage dewar to the experiment by slipping a length of 
the sample into a capillary which was soldered to one finger 
of a tweezers. When closed, the tweezers would grasp the end 
of the samole protruding from the top end of the capillary. 
The tweezers and sample were then inserted in a test tube 
filled with liquid nitrogen for transferral to the experi­
mental apparatus. The mercury used in these experiments was 
the same as used in the work of Jennings and Swenson (5) and 
of Swenson (6), and was described on the container as "chem­
ically pure, triply distilled, Impurities less than .004#. " 
The ratio of the resistance at 215°K to that at 4.2°K was 
about 600. 
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X-Ray Cryostat 
The X-ray cryostat consisted of a single vacuum space 
double dewar with a removable tall (Fig. 3). The inner vessel 
was about one liter In size and was found to hold helium for 
roughly 24 hours if the refrigeration of the escaping gas was 
used to reduce conduction losses down the neck. This was 
accomplished by suspending a stainless cylinder with an 
aluminum foil bottom into the throat of the helium dewar a 
short distance below the average liquid nitrogen level. The 
tail of the helium vessel consisted of a Pyrex tube affixed 
to the bottom of the vessel with a Kovar-glass seal. This 
tube was pulled out into a thin-walled .018 in. ID capillary 
and sealed off. 
The camera stand consisted of a heavy steel pipe to 
which the ball bearing race plate and camera holder were 
welded (Fig. 3). The race holder itself and the hole into 
which the camera slipped were cut in a single lathe set-up. 
A subsequent check showed these cuts to be concentric to 
better than .001 in. Thus, the cryostat could be removed from 
the stand for filling with liquid helium and then be replaced 
without changing the alignment. 
Two window designs were used successfully, both with 1/8 
in. vertical apertures. In the first design a .0015 in. 
mylar sheet was supported in the shape of a 3/8 in. diameter 
cylinder by two diametrically opposed 3/32 in. posts. The 
Fig. 3. X-ray cryostet end camera stend 
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cryostat was turned so thst the lines obscured by the costs 
would not be the same on both halves of the pattern. A second 
window was designed for continuous rotation of the dewar-
sample assembly in an attempt to obtain better intensity data. 
The window (see inset Fig. -3) consisted of a 3/16 in. ID 
lucite tube. The aperture was formed by machining part of the 
wall to a thickness of .002 in. The lucite wrs affixed to the 
brass components of the tail with either G-lypt^l or Eastman 910 
adhesive. Both types of window were found to leak slightly, 
so a simple activated charcoal trap was installed. This con­
sisted of a reservoir of charcoal and a pair of stopcocks so 
arranged that the charcoal could be suspended in the nitrogen 
space of the dewar and be used to pump on the dewar vacuum 
through a rubber hose connection. After about 48 hours opera­
tion it was necessary to warm the charcoal to room temperature 
for outgassing with a forepump. 
Difficulty was experienced in inserting the samples into 
the glass capillary which comprised the tail of the helium 
vessel (see Fig. 3). The most successful method involved in­
stallation of a 1/16 in. OD stainless steel tube which extend­
ed from inside the wide portion of the glass tail (see Fig. 3) 
to about 4 in. below the top of the dewar. This guide tube 
was fitted with a simple filter to keep ice particles and bits 
of debris from settling in the glass capillary. The dewar was 
then filled to overflowing with liquid nitrogen and the capil­
16 
lary of the sample-tweezer assembly described above was in­
serted into the guide tube. The sample was then released and 
would fall freely into place. 
Resistance Apparatus 
The resistance work was done with the equipment of R. V. 
Colvin of Dr. Sam Legvold' s group (19) . A sample holder for 
use with wire-like samples was constructed (Fig. 4). The 
sample clamps were spring loaded to facilitate loading the 
sample under liquid nitrogen. A transfer tube was provided 
for removal of the liquid nitrogen from the heat leak chamber 
just before- transfer of liquid helium into the surrounding 
dewar. 
Critical Field Apparatus 
Cryostat and auxiliary equipment 
The critical field measurements were made in the cryostat 
shown in Fig. 5. Since this cryostat was intended for mag­
netic measurements, no superconducting or ferromagnetic com­
ponents were used in its construction. The ratio of the 
length to conduction area of the neck was chosen such that in 
normal operation the only liquid helium losses were due to 
radiation from the surrounding liquid nitrogen jacket (PO). 
Without a sample holder in place, a 2 1/P liter charge of 
liquid helium would last about 90 hours. 
Fig. 4. Sample holder for resistance me?sûrements on 
wire-like samples 
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Since all the work on mercury was done "below 4.2°K, 
stable bath temperatures were obtained by pumping on liquid 
helium.. The temperature was regulated by a system designed 
by Fiske (21). An oil manometer measured the difference be­
tween a predetermined "standard" pressure and bath pressure. 
A photo-cell which sensed the level of this differential 
manometer comprised one arm of a bridge circuit whose off-
balance upon amplification drove a servo-motor geared to a 
valve on the pumping line. Temperatures were measured with a 
vapor pressure thermometer above the A point so as to elimin 
ate the need for hydrostatic head corrections. Temperatures 
below the À point were read over the bath when possible, to 
eliminate necessity for thermomolecular head corrections (??) 
Bath pressures in the zero pressure work were read through a 
l/4 inch stainless steel tube which extended into the large 
diameter section of the dewar so th?t pressure gradients in 
the dewar neck Itself could be neglected. The absolute tem­
perature was obtained from these vapor pressure values by use 
of the T^gg scale. A 20 ohm Allen-Bradley carbon resistor in 
the bath was used to observe temperature fluctuations. The 
sensitivity of this thermometer was adjusted at various tem­
peratures by varying the measuring current so that 25 juv 
corresponded to a millidegree. This reading was displayed 
continuously on a 0-100^ full-scale Brown (Model 153x11) 
recorder which replaced the galvanometer on a Rubicon type B 
potentiometer. In general, the temperature control was better 
than + .0005°K at all temperatures. 
The magnetic field was provided by a liquid nitropen-
cooled solenoid, ? 1/4 in. ID and 8 in. long (Fig. 5). Con­
secutive layers of #17 B&S gauge copper wire were spaced 1/3? 
in. apart so that nitrogen could penetrate the windings. A 
simple experiment performed in this laboratory indicated that 
such spacing would permit use of currents as high as 40 
amperes. The solenoid was compensated with additional windings 
on each end so that the field would be uniform to within + .01^ 
over a distance of an inch along the axis. The variation in 
field intensity along the axis of the solenoid was measured 
by both a mutual inductance method and a nucular magnetic 
resonance (NKR) probe. 
The NMR measurement, which used the proton resonance in 
glycerine at 15°C, also gave an absolute calibration of the 
solenoid (101.54 + .0? gauss/amp) for field values from 500 to 
1300 gauss. This work was done by Mr. Hultsch of Dr. R. G-. 
Barnes' group. 
The critical field work required a continuously variable 
current from 0 to 10 amperes. It was convenient to be able to 
change the current rapidly to just below the critical value 
and then to increase it in steps as small as .01 gauss through 
the transition. A steady source of direct current was avail­
able from ten 2 volt submarine batteries and the required 
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control was provided by s transistorized circuit of the type 
described by G-srwin et, al. (?3). The current was measured by 
reading the potential acros? a .1 ohm standard resistance with 
a Rubicon Type B potentiometer. A 0.5 to f.5 mv Brown record­
er (model Y153xl8) was used in place of the galvanometer on 
this potentiometer. 
AC Method for Detecting- Transition 
The superconducting transitions were observed bir an AC 
mutual inductance method (Fig. Ç) similar to that of Schoen-
berg (P4) and discussed by Hesterman (?5). The mutual induc­
tance changes in a pair of coils surrounding the sample were 
measured on a Hartshorn mutual inductance bridge operated at 
33 cps. The dial of the bridge was calibrated in units of 
roughly .0° microhenries. The sensitivity was 4 x 10"^ micro­
henries under average operating conditions. A primary current 
of 7.5 ma, rms, corresponding to a measuring field of .095 
oersteds, was used in the critical field measurements. Ex­
periments in this laboratory gave no indication that the tran­
sitions were sensitive to the magnitude of this measuring 
field (26). The off-balance of the bridge was displayed on 
an oscilloscope and the resistive and inductive components 
balanced out separately. It was found that the transitions 
also could be determined unambiguously by quenching the hori­
zontal amplification on the scope and recording only the 
Fig. 6. Schematic of AC measuring circuit and 
Hartshorn mutual inductance bridge 
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amplitude of the composite signal. A characteristic change in 
height of this signal corresponding to the intermediate state 
(11) occurred which was unambiguous at all values of field. 
This method was found to be several times faster than balanc­
ing at individual points and gave identical results. 
Critical Field Sample Holders 
The sample holder used in the zero pressure critical 
field work is shown In Fig. 7 approximately to scale and is 
described in more detail by Hlnrichs (26). The measuring colls 
consisted of a ten turn/cm primary and a 2000 turn secondary. 
As mentioned above, samples were loaded into the chamber 
under liquid nitrogen and then quickly transferred into the 
already filled helium dewar. After the ^ run was completed, 
the helium dewar was evacuated and the sample warmed with the 
manganin heater to about 120°K, as measured with the copper-
constantin thermocouple provided for this purpose. The sample 
was then cooled to nitrogen temperature by admitting exchange 
gas into the helium dewar vacuum space and into the helium 
vessel itself before retransferring liquid helium for the ci 
run. 
The pressure work was done In the same cryostat as the 
zero pressure critical field work. The design of the high 
pressure sample holder, shown In Fig 8 approximately to scale, 
was such that the superconducting transitions of a sample 
Fig. 7. The zero pressure critics! field sample holder 
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under pressure and a sample at zero pressure could be observed 
simultaneously. The pressure chamber was a 1/4 in. OD harden­
ed Be-Cu cylinder (Berylco 25, initially half-hard) with a 
1/16 in. bore connected to the high pressure tubing by a 
standard cone-in-ceat high pressure connection. The two 
samples were separated by a Be-Cu cone as shown in the offset 
in Fig. 8. Two secondaries of 750 turns each were connected 
in opposition to render them astatic and to permit use of sep­
arate secondaries for the two samples if desired. 
Hydrostatic pressure was achieved with an apparatus sim­
ilar to that of Dugdale and Hulbert (27) and described by 
Hinrlchs (26). Helium gas at 150 atmospheres was admitted to 
one side of a mercury-filled "U" tube separator. The other 
side of this separator was connected to a pneumatically oper­
ated Sprague pump which could produce oil pressures up to 2000 
atmospheres, or to a hand operated Blackhawk pump for higher 
pressures (to 3000 atmospheres). Pressures in the oil were 
measured by a 0-50,000 psi Bourdon pressure gauge (American 
Instrument Company). 
Helium solidifies at about 25°K at 40,000 psi so it was 
Important to freeze the helium around the sample from the 
bottom to prevent blocking the pressure line at some point be­
tween the gauge and the sample. The technique, described in 
detail by Hinrlchs (26), Involved evacuating the vacuum jacket 
In order to Isolate the sample from the bath except for a 
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copper heat leak path. A slit destroyed the effectiveness of 
the heat shield (see Fig. 8) when the vacuum Jacket was 
evacuated. Under normal operating conditions with exchange 
gas present, this slit was effectively bridged thermally in­
suring that the two samples were at the same temperature. 
With this technique, it was possible to freeze the helium 
around the sample from the bottom upwards at constant pres­
sure. Even with an ideal solidification of the helium around 
the sample, there is a pressure drop P*, known as the thermal 
pressure, which results from the decrease in volume of the 
solid from the melting curve to 4°K. This change turns out 
to be about 5% of the gauge reading for the pressures used 
in these experiments. P* could be calculated from data on 
the melting curve of He4 compiled by Dugdale and Simon (28). 
and the temperature dependence of this parameter had been 
measured in this laboratory, a check on the actual sample 
pressure was obtained by mounting two small tin samples (one 
under pressure, the other under zero pressure) with the mer­
cury samples. The agreement between the two methods of pres­
sure determination was found to be within Z%. Am implicit 
assumption made in this two sample technique was that the 
samples were at the same temperature. Preliminary experiments 
with a pair of vapor pressure thermometers Indicated that, 
with exchange gas, the two samples differed in temperature by 
Since accurate values for 
33a 
less than .0001°K (96). 
It was not feasible to moutn ^-Hg samples in this sample 
holder under liquid nitrogen, so it was necessary to transform 
them in situ. A .019 in. ID aluminum foil holder was formed 
by wrapping a hypodermic needle with the foil which was held 
in shape by a spiral of copper wire. This spiral also served 
to center the sample in the pressure chamber. Liquid mercury 
was then injected into the Al foil holder with the hypodermic 
needle and the ends of the holder crimped and glued. The 
sample was cooled at pressure through the o£-to-^ transition 
temperature. A copper Constantin thermocouple was mounted on 
the copper shield (Fig. 8) to measure the temperature during 
the operation. It was found that due to hysteresis effects, 
the ^ would not form with hydrostatic pressure except with 
difficulty. 
The first successful formation of the ^ was obtained 
with a pressure of 40,000 psi and a cooling rate of a few 
hundredths of a degree per minute. This sample was half oi 
and half ^ so that two sets of critical field data were taken 
simultaneously. Subsequent attempts to form f -Hg under sim­
ilar conditions were unsuccessful, so the temperature was 
held for periods of the order of hours at the anticipated 
transition temperature of 109°K and at about half degree in­
tervals down to about 95°K. This technique resulted in the 
formation of a pure ^3-Hg sample. 
33b 
As was mentioned above, it was not possible to mount a 
^-Hg sample in the zero pressure chamber so an ^  -Hg sample 
was mounted there instead. Simultaneous critical field data 
on the (5 -Hg sample and this oC sample were taken at two 
pressures and the results subtracted, eliminating the effect 
of the oC. sample. Thus, the oL sample was used as a precise 
secondary thermometer. 
In the initial runs ( <xf-Hg Run I, c/-p -Hg Run I) criti­
cal field data were obtained for a single sample at two pres­
sures at as nearly identical temperatures as possible so that 
ZAHg could be obtained directly without reliance upon the 
temperature scale. The temperatures of the low pressure run 
were corrected to those of the high pressure run using the 
differences in the carbon resistance thermometer values. 
The field values were then corrected to these temperatures 
using the slopes of the observed critical field curves. The 
lower pressure could not be zero because of the excessive 
heat leak due to liquid He II so this pressure was of the 
order of 3000 psi. 
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RESULTS AND DISCUSSION 
Crystal Structure and Transition Character 
The results of the X-ray work are shown in Table 1. The 
analysis was performed by Dr. M. Atojl of this laboratory 
(16). Only the body-centered tetragonal lattice with a = 
3.995 + .004A, c = P -8P5 + .003A could explain reasonably the 
observed spacing s and intensities. If two atoms are assumed 
Table 1. X-ray powder diffraction data for ^-Hg at 77' 
Indices 
o%& 
^obs(^) ^calc(^) "Obs •'"calc*10 
-2  
110 
101 
POO 
121 
220 
002 
112 
130 
301 
202 
231 
400 
222 
132 
330 
141 
103 
240 
123 
402 
150 
332 
2.824 P.825 vs 46 
2.303 2.307 vs 53 
1.992 1.998 wm 17 
1.510 1.510 m P9 
1.415 1.414 vw 9 
1.265 1.263 w 16 
1.205 1.205 vvw 7 
1.150 1.153 WW 6 
1.034 1.030 vw 10 
0.9992 0.9988 WW 7 
0.9433 0.9417 vw IP 
0.9179 0.9166 w 15 
0.895P 0.8932 vvw 5 
0.8340 0.8331 w 13 
0.8167 0.8155 vvw 8 
0.7857 0.7835 wm 28 
aICalc = jF^[(l + cos22©j/8in^0 cos© where J is multi­
plicity factor and F is the structure factor. 
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per unit cell, the calculated density at 77°K of 14.77 g/cm^ 
is in good agreement with the bulk value of 14.70 g/cm^ (ô). 
The transformation from the of to the -Hg was studied 
in some detail to attempt to obtain an understanding of the 
transformation mechanism. The transformation from the 
rhombohedral to the body-centered tetragonal structure can 
be visualized as the sum of two relatively simple transforma­
tions. If one chooses the long body diagonal of the rhombo-
A A * 
hedral to be along i + j + k, the three primitive vectors 
emanating from the origin can be written 
where a = .97520, b = .15646, and where the columns denote 
the xyz components of a vector. The first transformation 
consists of shrinking the structure along this long diagonal 
until the three primitive vectors given above are along the 
coordinate axes. It is convenient to include in this trans­
formation a dilitation sufficient to give the correct volume 
for the p-Hg. Since the atoms must move distances that are 
not small compared with the lattice parameters, the trans­
formations cannot be considered infinitesimal. The required 
finite transformation matrix is of the form 
2.993 
where %_= 1.0199 
€ = .1400 
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The simple cubes thus formed have edges which ere equal to the 
c dimension (9.895A) of the j3 . Since the observed p struc­
ture gives a = c, the face diagonals of these cubes serve 
PS sides of the large square faces of the bet. It remains 
only to perform a shear which will move the face center of 
these "a by a" faces to the body center position. Again it is 
not possible to use the simple strain tensor since the dis­
placement (c/9) is far from small. The required finite trans­
formation matrix is found to be 
/ 1 0 o\ 
0 10 
\l/? 1/? 0 / 
Thus the total transformation is obtained by combining the 
above transformations to give 
\ / 
1.0199 -.1400 -.1400 / % "
6 
-é \ / 
- < L K  - e  
-.1400 1.0199 -.1400 
\~! " Ie - !6 1-e / V .9965 .9965 .8799/ 
Several aspects of the mercury transition seemed to 
indicate a martensitic character. The first of the charac­
teristics was the appreciable hysteresis which was found by 
Bridgman, Swenson and in these experiments, and the apparent 
need for shear to initiate the transformation. In the high 
pressure superconducting work of Jennings and Swenson (5), 
solid Hg was used as a pressure transmitter at 4.9°K, but 
some sample deformation (and hence shear) was found for other 
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soft substances and could be expected also for mercury. As 
will be discussed subsequently, the transformation was not com­
plete in these experiments but was of the order of 50 per cent. 
The work on the phase diagram of mercury was done with a 
simple piston and cylinder arrangement in which the sample 
material acts as its own pressure transmitter so the samples 
were deformed by large amounts. Thus, if the transition were 
shear sensitive the rate of formation under hydrostatic pres­
sure would be expected to be diminished, as was indeed ob­
served in the gas pressure apparatus. In this case, the 
hysteresis Indicated in Fig. 1, and perhaps the whole phase 
diagram, would be valid only for the particular experiment in 
which it was observed. 
Another martensitic characteristic was the nearly athermal 
growth rate in the presence of shear down to low temperatures. 
A nucleation and growth mechanism would be expected to proceed 
much more slowly as temperatures were decreased to these low 
values. 
Troiano and G-reniger (30) list the following features 
for the martens!tic-type transformation: 1. Individual 
martenslte crystals of plate-like shape form on crystallo-
-4 
graphic planes in times of the order of 10 seconds even 
at low temperatures. There is no change of composition in 
the transforming region. 2. The transformation occurs only 
while cooling and proceeds by formation of new plates, not by 
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growth of existing ones. 3. Transformation initiates at a 
characteristic temperature, Ms, which is not depressed by-
increased cooling rates but which does depend on composition 
and prior thermal and mechanical history. 4. The low temper­
ature phase reverts to the high temperature phase in a similar 
manner. 5. The martens!te may form In many orientations, 
but on heating the structure reverts to the original single 
crystal. 6. In these transitions there is visible tilting 
and distortion of a polished surface• 7. Below a tempera­
ture which is higher than Ms, plastic deformation is 
effective in forming the martensite. Cold work tends to 
suppress the transition when the specimen Is subsequently 
cooled, whereas cooling while under stress increases the 
amount transformed at each temperature. 8. Stabilization, 
less formation than at usual cooling rates, occurs for the 
high temperature phase if cooled slowly or held at Intermedi­
ate temperatures. 9. The crystal structure of strain-induced 
martensite is not necessarily the same as that spontaneously 
formed in the same specimens and it is possible to have two 
or more co-existing martensitie phases. 10. Transformations 
to hep and fee have been observed to have faulty stacking. 
11. A curve of the amount of material transformed as a func­
tion of temperature upon cooling below Mg is not retraced on 
heating. This hysteresis depends upon strain and interface 
energies. 
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More recent work has shown that sore of the above char­
acteristics are absent in particular transformations. Bilby 
and Christian (18) have emphasized the experimentally observ­
able feature of the change in shape of the surface revealed 
by the tilting of transformed regions at a flat surface- They 
then define a martensitie transition to be one in which the 
atoms on a primitive lattice, defined by some unit cell of 
the parent, move to positions on a primitive lattice defined 
by some unit cell of the product in such a way that the dis­
placements constitute a homogeneous deformation which may be 
different in adjacent small regions. A homogeneous deformation 
is one such that any point of the solid after the transforma­
tion can be expressed as a linear function of the coordinates 
of that point before the deformation. 
This change of shape at the surface is not observable 
In the oC - ^ -Hg transition because of the temperature and 
pressure region in which the transition occurs. A recent 
theory advanced by Wechsler et. al. (3l) requires only the 
initial and final crystal structures to predict this change 
of shape and other observables of the austinlte-martensite 
transformation. The transformation from c( to (3 -Hg failed 
to satisfy this theory. The theory has been successfully 
applied in only a few cases other than the austinlte-
martensite transition, so may not be as generally applicable 
as was hoped. A generalization of the WLR theory and its 
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application to mercury appears in the Appendix. 
Thus, the case for considering the ol - ^ -Hg transition as 
martensitie must rest on the hysteresis and shear effects men­
tioned shove. This behavior car. be understood qualitatively 
by applying classical nuclertion theory to martensite. Turn-
bull and Fisher (32, 33) have shown that the rate of homo­
geneous nucleation of the oC phase is given by 
I  = N ^  exp - ( A G c + Q)/kT cc-1 sec""1 ( l) 
where K is of the order of the number of atoms per ce, A G-c 
is the critical free energy increase for formation of a stable 
nucleus, and Q is the activation energy for the process of 
adding one atom to the {3 embryo. 
The energy of formation of a coherent nucleus of radius 
r and thickness t at the center can be approximated by con­
sidering it to be bounded by two spherical surfaces. If <5""n 
is the stress normal to the habit plane, and T is the stress 
component in the direction of the shear component of the shape 
deformation, the energy of formation is 
AG- = 2 Tf r2r + (Tfr2 t/?)Af^ + {f&2/6 )TT rt2 (?) 
where If is the coherent interface energy, G the martensite 
shear angle, and JUL the shear modulus. The stress modifies 
the volume free energy change such that 
Af; = Afv - <S-nAv - 4Î, ^  (3) 
where Afv is the free energy change in the absence of stress 
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and A v Is the volume change. Minimizing AG- at constant 
volume gives the critical free energy and the critical volume. 
Embryos grow by thermally activated addition of single atoms 
for which the activation energy, 0,, is very small. Thus the 
equilibrium distribution of embryos is attained rapidly at 
nearly all temperatures. The interface energy term in AG-
serves as a potential barrier (34) which opposes the motion 
of the boundary of the new phase. Undercooling can be accom­
plished by stress or by lowering the temperature. 
This mechanism would explain the observed rates and the 
athermal character, as well as the hysteresis. In the very 
low temperature transitions, shear may replace the thermal 
vibrations so that the overpressure for isothermal formation 
of the shows the minimum given in the phase diagram. As 
was mentioned above, Fig. 1 applies strictly only to this 
particular experiment due to the shear sensitive nature of 
the transition. 
In brief, the observed characteristics of the cC to £3 
transition cannot be explained satisfactorily on the basis of 
a normal diffusion-type mechanism. One can explain these 
traits on the basis of a martensitie (or diffus!onless) trans­
formation although there was little opportunity to apply many 
of the usual criteria for this transformation. An attempt to 
use the structures and an analysis given by Wechsler et al. 
was unsuccessful. The significance of this failure is not 
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known. 
Electrical Resistivity 
The results of the resistance work are shown in Table 2. 
The rstio of the resistances of the two phases is known with 
considerably better precision then the absolute values of the 
resistivities, since the uncertainty due to sample dimensions 
(+ 2%) does not appear. The low temperature precision is 
still quite low since the potentials across the sample at these 
temperatures were of the order of the precision of the poten­
tiometer used. 
The calculated resistivity of the oC -Hg at 90°K was found 
to agree with that given by G-runeisen and Sckell (35) of 5.S3 
yuohm-cm for along the longitudinal axis of a single crystal. 
The slope of the resistivity vs temperature curve for -Hg 
of .069 ja ohm-cm/deg agreed also with their value in the 
region from 81 to 93°K. 
The ratio of the resistances at 90°K and 4.2°K was about 
230 for the |S and 160 for the «t-Hg. Whereas the resistance 
of the |3 -Hg was essentially independent of the temperature 
at 4.2°K, the resistance of the -Hg was still decreasing 
(Table 2). Extrapolating the oL -Hg data to the melting point 
gives a ratio of resistances of about 600 between the resist­
ances at 215°K and 4,2°K. This ratio is used as a convenient 
measure of the impurity and lattice defect content of a metal. 
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Table 2. Resistance data for ^  and fi -Hga 
(LzSg — 9l=mg 
T°K R ohms xlO5 T K R ohms xlO3 
4.2 .06(3) 107.2 19.04 
6.3 .09(4) 78.3 15 .58 
7.9 .19 68.0 11.41 
9.4 .29 4.7 .16 
10.5 .37 6.0 .31 
12.8 .58 8.0 .56 
15.3 .70 10.2 .88 
17.7 1.10 11.9 1.17 
20.1 1.36 13.8 1.50 
22.8 1.63 15.8 1.83 
26.0 1.95 19.8 9.591 
28.8 9.28 91.1 9.757 
32.6 ? .70 24.7 3.381 
44.2 4.055 98.5 4.108 
48.4 4.529 34.2 5.186 
49.0 4.649 40.1 6.343 
53.8 5.090 44.6 7.176 
54.9 5.228 49.9 8.195 
60.2 5.855 54.5 8.988 
64.1 6.223 59.7 9.978 
69.6 6.937 64.2 10.84 
69.2 6.887 69.9 11.78 
74.9 7.529 72.4 12.33 
78.8 7.963 80.7 13.89 
90.1 15.67 
84.9 14.66 
= 3.6?(+ .07) xlO*"^ R ohm-cm. 
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The value obtained for the o(-Hg compares favorably with that 
of other investigators (36). 
On the basis of the X-ray work it was assumed the 
sample was polycrystalline with no preferred orientation. 
A single crystal of ^ -Hg would be expected to be highly 
anisotropic with a considerably smaller resistance along the 
c axis. 
The p data could be fitted to within 4% to the semi-
empirical equation of Gruneisen (l?) with a "Debye" •© of 
68°K. The disparity between this value and the Debye Q of 
93° which can be estimated from the entropy change across the 
transition line at zero pressure is not totally unexpected 
since the resistivity should be influenced only by the longi­
tudinal phonons while the heat capacity value also takes into 
account the transverse vibrations of the lattice (37). In 
spite of this, the same & is applicable to both calcula­
tions for many metals. 
Superconducting Work 
The zero pressure critical-field data consisted of three 
runs for each phase ; these deta are tabulated in Tables 3 and 
4. Since critical field curves of superconductors are nearly 
parabolic, it is conventional to express HC(VT) as a power 
series in t2(t = (T/Tc)), 
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Table 5. Zero pressure critical field data for of-Hg" 
T°K Hc gauss h s H 
Run I 
4.0986 .97379 11.43 .097805 .00160 
4.0192 .93317 98.32 .058879 .00904 
3.8950 .8794 5 51.31 . 1*478 .004*3 
3.768? .82334 74.78 .18187 .00591 
3.6096 . 75°36 104.86 .95501 .00737 
3.4465 .68858 131.45 .31969 .00897 
3.117? .56346 184.16 .44788 .01134 
2.7660 .44351 "34.51 .57055 .01406 
9.4069 .33583 979.5? .67990 .01573 
9.9655 .99755 99 5.37 .71839 .01587 
2.0719 .94858 315.47 .76799 .01590 
1.8579 .19995 335.15 .81510 .01505 
1.5709 .14305 357.57 .86960 .01265 
1.3739 .10942 370.50 .90103 .01045 
1.3411 .10495 379.14 .90504 .00930 
1.2844 .095631 375.57 .91335 .00899 
1.2016 .083696 380.05 .99497 .00797 
1.1414 .075599 383.13 .93175 .00797 
Run II 
4.0907 .97004 12.65 .03077 .00081 
3.9264 .39368 44.98 .10939 .00307 
3.7706 .89417 74.53 . 18195 .00549 
3. 5650 .73674 111.39 .97079 .00746 
3.2493 .61904 153.99 .39881 .01085 
3.0014 .52221 901.79 .49074 .01295 
2. 7370 .43426 238.65 .58038 .01464 
2.472? .35443 271.45 . 66014 .01457 
2.2811 .30164 993.67 .71490 .01584 
2-0570 .94528 316.81 .77048 .01576 
1.8221 . 19246 337.99 .82196 .01449 
1.5597 .14109 358.22 .87118 .01290 
1.4371 .11972 366.46 .89121 .01093 
1.2858 .09584 375.54 .91328 .00919 
1.1721 .07964 381.94 .92886 .00850 
1.1402 .075365 383.54 .93974 .00811 
aTc = 4.153 +.001°K; H0 = 411 + 1 gauss. 
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Table 3. (Continued) 
T°K tS H c gauss h s H 
Run III 
4.0894 .96943 13.18 .03205 .00148 
3.9585 .90836 39.49 .09604 .00440 
3.8955 .87967 51.59 .12547 .00514 
3.7588 .81902 77.15 . 18763 .00665 
3. 5747 .74076 109.61 .26657 .00733 
3.2180 .60030 168.59 .40999 .01029 
3.0199 .52869 198.79 .48399 .01196 
9.7359 .43368 938.40 .579 77 .01345 
9.5081 .36466 967.08 .64953 .01419 
2-3331 .31555 287.56 .69933 .01488 
2.0480 .94314 317.49 .77911 .01525 
1.6320 .15451 352.84 .85809 .01960 
1.9088 .91191 330.46 .80367 .01488 
1.5963 .14772 355.75 .86515 .01987 
1.4803 .12703 363.75 .88461 .01164 
1.3851 .11191 369.78 .89998 .01049 
1.3464 .10509 372.19 .90515 .0109 5 
1.1576 .07768 383.06 .93158 .00836 
1.3120 .099789 374.98 .91099 .00804 
1.1921 .08938 381.13 .99689 .009*7 
1.1565 .07753 383.21 .93195 .00948 
HC(VT) = H,(V) 
r n 
i+ £ 
i 
*2n<v> *Sn] (4) 
where HQ is the critical field at absolute zero and TQ is the 
critical temperature at zero field. Hc and Tc are also func­
tions of isotoplc mass, impurities and strains, among other 
factors. The critical field data were programmed for an IBM 
O 
650 computor to obtain a power series expansion in T for each 
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Table 4. Zero pressure critical field dsta for 
CO I 
T°K t2 Hc gauss h S H 
Run I 
3.9428 .99666 1.21 .00355 .00021 
3.8786 .95447 12.56 .03691 .00138 
3.8033 .92738 25.21 .07409 .00147 
3.7240 .88912 38.55 .11330 .00242 
3.6063 .83380 57.54 .16911 .00291 
3.4545 .76508 81.50 .93950 .00458 
3.3176 .70565 101.90 .29945 .00510 
3.0782 .60748 135.96 .39957 .00705 
3.0067 .57958 14 5.51 .4*762 .00720 
2.8373 .51612 167.20 .49136 .00748 
2.6796 .46034 186.49 .54805 .00839 
2.4361 .38048 914.35 .62994 .01049 
2.2631 .32835 231.92 .68156 -00991 
2.0765 .27644 249 .77 .73402 .01046 
1.8479 .21892 269.15 .79098 .00990 
1.5649 .15700 289.48 .85073 •0°773 
1.3832 .12266 301.25 •88531 .00797 
1.3566 .11799 302.65 .88943 .00742 
1.2748 .10419 307.10 .90250 .00669 
1.1235 .08093 314.33 .92375 .00468 
1.1282 .08160 314.19 .92333 .00493 
1.2141 .09450 310.10 .91133 .00583 
Run II 
3.8863 .96830 10.90 .03202 .00032 
3.7605 .90663 32.51 .09555 .00218 
3.5674 .81591 64.04 . 18820 .00411 
3.4081 .74466 88.80 .26096 .00 562 
3.2384 .67235 113.70 .33416 .00651 
3.0343 . 59028 142.31 .41822 .00850 
2-7616 .48894 177.12 .52051 .00945 
2.5475 .41607 202.45 . 59496 .01103 
2-3253 .34665 226.45 .66551 .01216 
2.0531 .27024 252.45 .74190 .01214 
aTc = 3.949 +_ .001°K; H0 =340+1 gauss. 
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Table 4. (Continued) 
T°K tP Hc gauss h 
1.8237 .21323 271.77 .79863 .01186 
1.5613 .15699 290.69 .85498 .01057 
1.3037 .10896 305.14 .89969 .00865 
1.2863 .10608 307.19 .90256 .00864 
1.1706 .08785 313.08 .92008 .00793 
1.1381 .08304 314.75 .9^500 .00804 
1.3764 .12145 309.08 .88776 .00992 
Run III 
3.3851 .96770 11.47 .03379 .00142 
3.7616 .90716 39.44 .09534 .00950 
3.5511 .80847 66.61 .19575 .00499 
3.3972 .73991 90.37 .26558 .00549 
3.2149 .66263 116.98 .34379 .00642 
3.0165 .58337 144.14 .49,359 .00696 
2.7318 .47845 180.51 .53048 .00893 
2.5097 .40381 206.32 .60633 .01014 
2.3705 .36025 901.53 .65113 .01144 
2.0495 .26930 952.53 .74914 .01144 
1.8116 .21041 272.31 .80027 .01068 
1.6198 .16822 286.53 .84204 .01026 
1.4596 .13658 297.00 .87284 .00949 
1.1766 .08876 312.34 .91790 .00666 
1.2910 .10686 306.65 .90119 .00805 
1.1454 .08411 314.13 .99518 .00799 
phase. This program gave equations for the first four orders 
2 
of T . The lowest order expansion which the observed data-
fit within experimental error was used to determine the experi­
mental parameters. The values of Tc, HQ and the coefficients 
a2n obtained from the machine curves are given in Table 7 
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(page 53). 
Eaugtlon 1 csn be differentiated to give the vprlatlon of 
Hc with volume as 
w 
dHc 
dV" 
n 
i+ z 
l 
Pn (5) 
where ( 15) 
f?n = apn 1 + 
din ap n/d Zn V - Pn d^n T c/d in V 
din Hn/d / n V 
( 6 )  
It is more convenient experimentally to deal with pressure 
than with volume, so It was assumed that the volume and pres­
sure ere linearly rated for low pressures (up to P000 atmos­
pheres) . Then, 
/dH, 
J ip/ dP 
so that equation 5 becomes 
/BHJ dH, 
~3T dP 
W 
n 
i. Z 
1 
'dHc 
dV 
( ? )  
f?n t 
9n (8)  
The results of the pressure work are given in Tables 5 
and 5. The data for each phase were normalized to a run in 
which a tin pressure calibration was taken. These data were 
programmed in a similar manner to those for the zero pressure 
work. Values of fpn and din H0/d^n V obtained from these 
curves are given in Table 7. Values of V used were 13.79 and 
13.59 cm3/mole for ol and -Hg, respectively. 
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Table 5. Pressure data for et -Hg 
T°K ïr AH gauss ("ST/ x"^ gauss/atmos. 
oi -Hg8 - Run I 
3.4997 .68920 11.88 7.60 
3.1375 .57091 11.79 7.60 
9.5790 .38575 11.41 7.35 
9.2097 .28139 11.63 7.49 
9.0901 .93667 11.45 7.38 
1.5579 .14064 11.11 7.16 
1.2134 .08535 10.91 7.03 
d - f Hgb - Run I 
3.7996 .80634 17.97 7.58 
3.4397 .68586 17.13 7.51 
3.2099 .59449 17.99 7.58 
3.0098 . 59269 17.16 7.53 
9.7451 .43683 16.87 7.40 
9.5273 .37096 16.87 7.40 
2.1670 .07900 16.79 7.34 
9.0449 .94940 16.84 7.38 
1.8636 .90133 16.74 7.34 
1.5990 .14899 16.59 7.98 
1.1416 .07555 16.48 7.93 
4.0299 .93783 17.35 7.61 
o<-Hgc - Run II 
3.4716 .69864 18.70 7.39 
aGauge pressures 98,000 psi and 3000 psi. 
^Gauge pressures 40,000 psi and 3000 psi. 
cGauge pressure 40,000 psi, 'ÛH^for Sn 18.50 gauss. 
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Table 6. Pressure data for ^ -Hg 
T°K AH gauss d H 3T ) xlO~* gauss/atmos / m 
oî - (5 Hg - Run I 
3.7296 .89179 19.37 8.50 
3.4397 .75854 18.95 8.31 
3.9099 .5 5741 18.80 8.95 
3.0098 .57808 18.70 8.908 
9 . 7451 .48319 18.04 7.91 
9.5973 .40949 17.76 7.79 
9.1670 .30106 17.40 7.53 
9.0449 .96809 17.44 7.65 
1.8636 .99200 17.95 7.56 
1.5990 .16392 16.76 7.35 
1.1416 .08355 16.49 7.93 
T t? 
<! <1 1a 
i*P/ 
p_Hgs - Run I 
3.7983 
3.5375 
3.3309 
3.0810 
2•8600 
.89153 
.80261 
.71160 
.50883 
.59462 
19.49 
19.98 
19.03 
18.68 
18.49 
8.5? 
8.46 
9.3 5 
8.19 
8.11 
2.5862 
9.3110 
9.1607 
1.9059 
3.7971 
.49898 
.34254 
.99943 
.93399 
.89095 
18.05 
17.80 
17.39 
17.11 
19 .39 
7.99 
7.81 
7.60 
7.50 
8.51 
aGauge pressure 40,000 psi, AH^for Tin 16.40 gauss. 
_ (#9480 atmos _ ^0 atrr.osj _ (jj900 atmos _ %0 atmos 
AH = (H2480 stmos _ JJO atmos)*_ (y900 atmos _ yO atmos) 
2 £ & et-
where * denotes values as obtained from smooth curves through 
the experimental points. 
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Table 6. (Continued) 
T te AH1 Zdn) \èpJT 
•3.6467 
3.5494 
3.0809 
9.9135 
9.5785 
.85993 
.80484 
.60879 
.54443 
.49643 
19.37 
19.95 
18.03 
13.58 
18.11 
8.50 
8.44 
3.17 
8.15 
7.95 
9.3061 
9-1157 
9.04-5 
1.9737 
1.5571 
.34109 
.98709 
.95914 
.93734 
.17619 
17.75 
17.45 
17.96 
17.09 
16.69 
7.79 
7.66 
7.57 
7.50 
7.39 
1.5149 
1.319 
1.1958 
1.1795 
3.3469 
.14718 
. 11159 
.091710 
.089998 
.71845 19.01 
16.44 
15.39 
16.90 
15.96 
7.91 
7.19 
7.10 
9.13 
8.34 
9.9695 
1.9194 
1.6513 
1.3 585 
1.9037 
•56555 
.93457 
.17719 
.11836 
.099999 
18.61 
17.08 
16.58 
15.43 
15.30 
8.16 
7.49 
7.97 
7.91 
7.15 
1.4595 .13659 16.53 7.95 
Since the superconducting st^te can be considered as a 
region of HPT space, it is useful to define a magnetic Glbbs 
function (10). G = U - TS + PV - Hm where m is the magnetic 
moment and all extensive quantities pre molar. Noting that 
mB = -HqV/^TT , m% = 0 (subscripts s and n refer to supercon­
ducting and normal states, respectively), one arrives at the 
following "Clapeyrons " equations : 
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Table 7. Machine curve coefficients and calculated 
properties of and ^ -Hg 
-Hg f?-Hg 
a4 
a6 
a8 
?c ^  
H0 gauss 
dHo , + 
dp gauss/atmos 
X mill!joules/mole deg 
dinY 
a* n V 
a /  n Tc 
d n V 
d a n H0 
-.8668 
-.3753 
.3986 
-.1564 
.0769 
4.153 
411.9 
7.19 
1.97 
7.13 
3.6 
6.79 
-.9008 
-.9886 
.3097 
-.1906 
.4979 
-.1813 
3.949 
340.0 
6 . 8 8  
1.44 
5.85 
6 . 1  
9.90 
il el °K2 
krp atmos -1 
9.51 
9.6x10" 
1.54 
9.9X10 -6  
*1 • f V-* 
which are related through the relation (^Hc/^F)j = 
-i~à Hc/-dT)p( c> T/"dP)H. 
These equations apply rigorously only to long thin 
ellipsoids, or cylinders for which the demagnetization factor 
is negligible. The demagnetization factor, n, is a geo­
metrical factor defined by %nsiae = (l - n^ îîa-D-0iied * The 
demagnetization factor can be calculated relatively easily 
for an ellipsoid (38). The value of n determines the width 
of the intermediate state between the normal and superconduct­
ing states and thus the width of the transitions, so it is 
convenient to use samples with small demagnetization factors. 
o 
In this superconducting work, samples with n the order of 10 
were used. 
(d Hc/^ P)£ may be obtained experimentally in two ways. 
Yost data have been obtained by measuring the change in length 
of a sample as it transforms from the normal to the supercon­
ducting state and equation Sc. For a single crystal of en 
anisotropic substance it is necessary to use a modification 
of this equation derived by Cody (39) involving the effect of 
stress in various crystallographlc directions on the critical 
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field. The data must be averaged appropriately to obtain 
(b H/^ P)j. A second, more direct approach, which was used 
in this work, consists of measuring (^Hc/èp)rp directly by 
observing the shift of the critical field of a sample under 
pressure. The first method has the advantage that it gives 
added information as to the snisotropy of the substance, but 
has the disadvantage that the precision near Tc becomes poor 
since (Vn - Vg)/Vn approaches zero. The length changes, in 
any event, must be measured with a precision of fractions of 
an Angstrom. 
In addition to providing data for comparison with basic 
theories of superconductivity, these superconducting measure­
ments can be used to determine thermodynamic functions for the 
normal and superconducting metals that are so small that they 
cannot be obtained in any other way. A summary of the thermo­
dynamic arguments needed to calculate such quantities is given 
below. 
The difference between the normal and superconducting 
specific heats can be obtained from the entropy change given 
by equation 9b: 
=£6$, • =sr etc - •.(•&),] -
The specific heat of a metal may be considered to be the sum 
of the electronic contribution proportional to T for the 
3 
normal metal and a lattice contribution proportional to T . 
56 
Recent heat capacity work at very low temperatures has dis­
closed a nuclear contribution to the specific heat (40) which 
p 
is proportional to l/T , and which is additive also to the 
others. The electronic specific heat for a superconductor is 
found to be proportional to exp (-l/T) as T approaches zero, 
so in this limit and assuming lattice and nuclear contribu­
tions to be the same for the normal and superconducting 
states : 
9_ 
'S WiZc - =Zs(5oI 
T " T " " 4 UT?L " ?-rrWc 
9p (ii) 
T=o 
since (c* Hc/ d T)T_Q = 0. 
The volume dependence of V can be obtained by differ­
entiating equation 11: 
d 9. nY din din T,, dJPn(-ap) ,„ x  
= 1 + 
-tttt - 9 ttïtt * TTTV2- (1'} 
and relations 6 and 9 can be combined with 1? to give 
t i i S - i - m * » - ; ?  > " *  
For low pressures one can write 
d x n H0 i dH0 . . 
d J  n V = dP" (14) 
where k is the isothermal compressibility, and equation 13 
then can be written in terms of experimentally observable 
quantities as: 
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d* nT = 1 + -k 
dHr 
d ^  n V kH0 DP 
1 + J (15) 
Additional information can be obtained by differentia­
tion of equation 9c with respect to pressure to give: 
i 3?Hi . i|7àvn\ pvs) 
Fflif-- îr.rari, M = -
( kn "  V (16) 
while a. differentiation of this eauction with respect to 
temperature gives : 
1 d^Hc = 1 
8 TFTt vIITT 
n dv e  
l"5T - fn - (®s (17) 
Here ^ is the thermal expansion, k is the isothermal, iso-
field compressibility, and certain second-order cross-
derivatives have been dropped. 
The entropy for the normal metal is customarily written 
as the sum of an electronic and a lattice contribution: 
3 
3 
- 
sn * Sn - * T + ! (§") (18) 
Using 
4/ (19) 
one obtains (4l) 
.  =  < * »  
where it has been assumed that 0 is independent of tempera­
ture . The term 
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- f & V r ( 7 )  - 4 ?  < P 1 )  
is known as the G-runeisen constant ar.d is the order of unity 
for most substances (4?). 
The machine curves were differentipted to obtain the 
quantities necessary to make the calculations indicated above. 
The solid curves plotted for the zero pressure work in Figs. 
9 and 10 were the deviations of these machine curves from 
parabolas fitted to the respective H0' s and Tc's. The points 
shown on the deviation plot are for a typical run in each 
case. The ^  -Hg data showed slightly more scptter between 
runs than did the d. -Hg data- The limits of this scatter for 
^ -Hg are given by the dpshed curves on Fig. 9. The smaller 
deviation of the ^ as compared with the o(-Hg can be explain­
ed in terms of its slightly larger Debye & (87°K vs 93°K) 
(6, 16) and thus its smaller ratio of Tc/0. 
The coefficients of the electronic specific heat,V , 
were calculated by use of equation 11 to be 1.89 + .05 and 
1.44 + .05 millijoules/mole deg^ for the oC and (3 -Hg, re­
spectively. The cC-Hg data can be compared with that of 
Finnemore et al., who obtained HQ = 415 + 1 gauss and ~2f = 
2.10 + .02 mill!joules/mole deg2 (13), and with specific 
heat data of Goodman giving *6 = 2.1 + .1 millijoules/mole 
deg2 (43). The slightly lower H0 (411 + gauss) and the 
considerably lower X obtained in this laboratory probably 
can be attributed to the fact that we used the machine power 
A plot of the deviation from parabolic behavior 
of the critical field curves for and ^ -Hg; 
the solid curves are the results of least 
squares power series fits to all the experi­
mental data while the points shown represent 
a typical run 
.02 
Q - Hg 
Ho =411 gouss 
Tc =4.153 °K 
.015 
.005 
eo 
0.25 0.75 0.50 
.02 
£ - H g  
Ho = 340 gouss 
Tc =3.949 *K 
.015 
.005 
I 
X 
to 
0.25 0.75 0.50 
2 ,T \2 
Fig. 10. ( d H0/d P)ip for oC and the solid curves pre 
the results of least squares power series fits to 
the experimental data while the points shown represent 
a typlcel run (each run was made at a fixed pressure, 
the magnitude of which was uncertain to %%) 
-(dH/dP)T x 10 GAUSS/ATMOS 
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series curve to extrapolate to absolute zero, while Finneroore 
et al. used a parabolic extrapolation. This was borne out in 
a comparison of our data with that of Chambers and Park* who 
used an extrapolation method involving the curve y = (sHc + 
T2) vs T2 (where a = .0491 deg^/gauss). V could be obtained 
directly from this curve. Our If agreed with that of Chambers 
and Park ( # = 9.05 + .03) within experimental uncertainties 
if their method of extrapolation were used. 
The above discussion points up the need for data at lower 
temperatures. Only in this way will the disagreements on 
extrapolation methods be resolved. Our critical field data 
for both mercury and tantalum appear to be systematically .2 
to .4% lower than data reported of comparable precision** (13, 
and Chambers and Park). This may constitute the best agree­
ment possible at this time between data on different samples 
in different laboratories using dissimilar measuring tech- -
niques. 
The values obtained for ^-Hg for HQ and Tc were 340 + 1 
gauss and 3.949 + ,001°K. It is of interest to compare these 
data with results obtained by deposit of thin films at liquid 
helium temperatures (44). The superconducting transition 
^Chambers, R. G. and Park, J. G., H. H. Wills Laboratory, 
Bristol, England. The critical field curve of impure mercury. 
(Private communication.) 1960. 
**Budnick, J. and Ittner, W. B., IBM Research Labora­
tories, Poughkeepsie, N. Y. Superconducting properties of 
thoroughly degassed tantalum. (Private communication.) 1959. 
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temperature of mercury decreased to 3.9°K while all other 
elements examined increased. Another series of experiments 
involved cold working foils and thin films at pressures of 
about 104 atmos at 4.2°K (45). Again the transition showed 
an anomalous decrease, in this case to 3.93°K. The transi­
tion temperatures obtained seem to indicate the (3 phase was 
being observed, but since the effect began to anneal out as 
low as 50°K, it is not conclusive that this is the case. 
The solid curves on the plots of (~è H/^P)^ vs t^ for 
the two phases, Fig. 10, are again the machine curves with 
a typical run displayed in each case to Illustrate the experi­
mental scatter of the data. The error bars denote the uncer­
tainties in the ratio ( ^ Hc/^ P)rp/dH0/dP. There is an addi­
tional certainty of about 3% in the pressure determinations 
as was discussed above. The pressure work on the o( phase 
can be compared directly with AL/L data due to Rohrer.* The 
agreement is within the experimental uncertainties quoted by 
him. There is, however, a disagreement in the sign of 
D / ^ T( H/ P)ip. In our method of measurement of ( & H/à P)?, 
the sign of the slope of this quantity with respect to temper­
ature is known more precisely than the absolute value of 
(** H/b P)^, since most of the uncertainty enters In the deter­
mination of pressure. The trouble may be due to the diffl-
*Rohrer, H., Eldg. Technische Hochshule, Zurich, Thesis. 
Effect of pressure on superconducting properties of mercury. 
To be published in Helv. Phys. Acta. (Private communication.) 
1960. 
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culty of converting AL/L data for ansotropic substances to 
the A-V/V values which are needed for comparison with 
( ô Hc/àp),j data. Earlier dTc/dP((-3.S + .°)xlO-®deg/atmos) 
data (5) are consistent with the present (d Hc/à P) data at 
Tc(dTc/d? = (-3.73 + .15)xl0~5deg/atmos) within experimental 
accuracy. The agreement with the data for the ^-Hg given 
by Jennings and Swenson (5) was not as good, but this is not 
unexpected in view of the anomalous transition temperatures 
observed in the dTc/dP experiments. Jennings and Swenson 
always observed a single transition temperature which de­
creased with deformation but never became equal to that ob­
tained for ^ -Hg in this work. The mixed o(-(? samples which 
were obtained in this work always possessed two distinct 
transition temperatures which were equal to the Tc's of homo­
geneous samples. Lanthanum has been shown to exhibit similar 
behavior (3). One of the mixed samples which was used in the 
critical field work was formed by extrusion and probably was 
inadvertently warmed in manipulation. A mixed sample was 
made accidentally in the high pressure apparatus as was men­
tioned above. Another extruded sample which gave both the <X 
and p patterns in the X-ray work was probably formed upon 
accidental heating above 90°K for a short period of time. 
A possible explanation for this behavior may be in the 
size of the crystallites formed. Pippard has suggested, on 
the basis of skin depth determinations and the sharpness of 
the superconducting transition (45) , that a. long range order 
effect is needed between the electrons in a superconductor• 
Homogeneous distributions of conditions as seen by the elec­
trons over distances of the order of 10~4 cm satisfy the 
theory. If impurities or other causes destroy this homogene­
ity, a different transition temperature is observed. If the 
samples formed in the dTc/dP work possessed many small 
crystallites of both phases over regions having this critical 
diameter, one might expect an average transition temperature 
depending upon the proportion of each phase appearing. In 
the other esses observed, the crystallites could have been 
larger than this coherent size, thus giving distinct transi­
tion temperatures, but still small enough to give powder pic­
tures. The X-ray sample bore this out somewhat in that the 
pattern was slightly grainy indicating the crystal size was 
probably about 50 microns. 
These critical field data as a function of pressure per­
mitted calculation of din Tc/d R n V and d % nT/d Xn V. The 
values of these quantities appear in Table 7. 
It was found in the study of the isotope effect that a 
similarity principle was valid which required the critical 
field curves of the various isotopes to have the same shape 
( a9n independent of isotopic mass, equation 4) with the ratio 
of Hg/Tg being s constant. It has been suggested that such 
a principle might be valid for the volume effect. This 
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implies a value of unity for d I nY/d £ n V and a? = -fp. 
This is not valid for the mercuries where d 9. nY /din V is 
7.1-3 and 5.85 for d -Hg and (3-Hg, respectively. A generalized 
principle would require the a.pn to be independent of the vol­
ume with the ratio of H0/TC being a function of volume. This 
can be checked by inserting experimental values into equation 
6 since all quantities are measurable if the assumption is 
valid that the pressure and volume are linearly related. 
This principle also fails for both phases of mercury with 
d jL n ap/d Q n V equal to -.53 and -P. 6 for o( and Ç -Hg, re­
spectively, and d/n a^/d ^ n V equal to 18.5 for ^ -Hg. 
The electronic specific heats for the normal and super­
conducting states were calculated for both phases using equa­
tions 10 and 11. Values of 87°K and 93°K were used for the 
Debye 0 for and /S-Hg, respectively, to calculate the 
lattice contribution to the specific heat. The results of 
these calculations are shown in Fig. 11. It is noticed that 
lattice effect is important even below 1°K because of the 
relatively low values of O end this emphasizes the diffi­
culties In measuring directly the electronic contributions. 
The BCS theory of superconductivity (7) predicts that 
the specific heat will be given by: 
Cg/2f Tc = 8.5 exp(-1.44 Tc/T) 
A plot of this curve and the calculated values of C| for the 
two phases are shown In Fig. 12. 
This equation of Bardeen et al. (7) is an example of the 
Fig. 11. Contributions to the specific heats 
oC snd ^-Hg 
o 
* 
C IN MILLIJOULES/MOLE DEG. 
yi >i (O - ôi ûî s 
O) 
to 
Fig. 1 2 .  Comparison of the electronic specific heats 
for the superconducting states of =< and 
&-Hg and with that predicted by the BCS 
theory 
71 
10 
1.0 o a MERCURY 
X 0 MERCURY 
— BCS 
.01 
.001 J L 
I 
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Tc/T 
7 2  
law of corresponding states which assumes that the thermo­
dynamic properties of superconductors are given by universal 
equations when the parameters of the equations are expressed 
in reduced terms such as T/Tc and H/HQ. The mercuries show 
little indication of obeying this law as is evidenced by their 
positive deviation from parabolic behavior and the non-
exponential dependence of cf. There is some indication of 
such a law relating the two phases in the case of the heat 
capacity, as seen in Fig. 19. Mapother* has advanced argu­
ments that a positive deviation does not permit adherence of 
Cg to exponential temperature dependence except at very low 
temperatures. 
The origin of the exponential temperature dependence of 
the electronic heat capacity in the superconducting state is 
the description of the superconducting transition in terms of 
an electronic transition across an energy gap. Infrared ab­
sorption experiments can give direct information about this 
energy gap, and an anomalous fine structure of the gap has 
been discovered for -Hg, as well as for lead (36). This 
has been advanced as a possible reason for the deviation of c| 
from exponential behavior for these metals. 
The electronic contributions to the thermal expansions, 
*Mspother, D. E., University of Illinois, Urbana, 111. 
Thermodynamics of the superconducting transition. (Private 
communication.) 1959. 
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^ ® and ^® , were calculated for both phases using the 
first half of equation 20 and 
Equation 92 is identical with equation 17 except for the last 
term which is included to account for magnetostriction (ll), 
and, hence, equation 92 refers to ^g at H = 0 ?t all temper­
atures fcelow Tc. A plot of these results and an estimate of 
the thermal expansion of the lattice obtained from the second 
half of equation 20 using a value of P , the Gruneisen con­
stant, of ? for both phases, are shown in Fig. 13. It is 
noticed that a negative value for ® was obtained for both 
mercuries. A check of existing data, on Pb, In and Sn* gave 
similar results, while Tg showed a positive ^  |. It is very 
unlikely that this effect can be checked directly since these 
electronic contributions are so overoovered by those of the 
lattice. 
It is possible that the disagreement between Tg and the 
"softn superconductors in the sign of ^| may be attributed 
to the characteristically high normal electronic heat capac­
ities of the transition elements. Sufficiently accurate data 
do not yet exist for other transition elements to enable a 
*01sgn, J. L. and Rohrer, H., Eidg. Technische Hoch-
schule, Zurich. The volume dependence of the electron level 
density and the critical field in superconductors. To be 
published in Helv. Phys. Acta. (Private communication.) 1960. 
Fig. 13. Comparison of various contributions to the 
therms! expansion of oC and p-Hg for the 
norms! snd superconducting states 
0* xlO8 deg 
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check of this hypothesis. 
The difference between the isotherm?! compressibilities, 
kn and kg, as calculated from equation 16 is of the order of 
10~^kn, so kn = kg for all practical purposes. This somewhat 
corroborates the assumption of a common lattice contribution 
to the two states which was used in the specific heat and 
thermal expansion calculations. The change in the contribu­
tion of the electrons to the compressibility is negligible. 
In an earlier paper (9) it was pointed out that the 
change of Tc between the d and ^ phases could be explained 
quantitatively by the change in volume at the transition, 
ignoring any effects associated with the change in crystal 
structure. It was of interest to repeat this calculation 
with the more complete data now available and to see whether 
this same type of calculation would give the correct differ­
ence in H0 and in ^  . The results of these calculations using 
both the o( and ^ pressure effect data are as follows: 
Experi- As calculated from 
mental HCe< /«P)j ( d Hc<9 /~6 P)rp 
ATc = Tc<* - ?cf -?0 -22 .17 
AHo = Ho* - V 71 
( gauss) 
AT _Y, 
(millijoules/ 
mole deg£) 
42 48 
.43 .19 .IP 
It can be seen that the zero field transition temperature does 
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not appear to be affected appreciably by the crystal struc­
ture, this is not true for HQ endX . This is not too sur­
prising in view of the greet dissimilarity of the two lat­
tices . 
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APPENDIX 
IfLR Theory of Me r ten si te 
Since the most convincing evidence for martensitic trans­
formation, the change of shape, is not observable in the 
^ Hg transition due to the pressure and temperature region 
in which it occurs, it was of interest to see if the WLR 
theory would apply. Although the results were negative, the 
generalization of the method and some modifications facili­
tating the calculations may be of interest. 
It has been shown that a habit plane, a plane of no net 
distortion under transformation, occurs when one of the prin­
ciple distortions of the entire transformation is unity (31). 
Mac hi in and Cohen (46) have demonstrated that the distortion 
occurring must be inhomogeneous, i.e. incapable of being ex­
pressed in its entirety by a 1.1 near transformation. 
A convenient mechanism for introduction of this inhomo-
geneity is twinning. A twin is a mirror image of the parent 
lattice in the twinning plane. 
Wechsler, Liebermann and Read use the relative amount of 
two twin related Bain transformations as a variable parameter. 
The change of shape in the martensite plate is evidenced by 
the kinking of a line originally straight in the austinite. 
If M]_, M«? denote the matrices that describe what happens to 
a vector in twins 1 and 2, respectively, the total distortion 
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E of such a line can be written as E = (1 - x)M^ + xMp where 
x is the percent of twin 2 that is formed. Thus, if r is a 
vector in the austinite, r1 in the mertensite; r1 = E • r. 
We now define and Tp to be the twin related Bain distor­
tions where the twinning is effected by replacing x by y in 
the second distortion. In general, the principle axes of each 
twin will be rotated during transformation so M-j_ = ^l^li 
Mr> = ^pTp. It is required that the twins be coherent, which 
means that the volume change of the total distortion must be 
the same as for each individual twin distortion. With this 
condition the relative rigid body motion $ of the twins is 
found geometrically. The total deformation is then 
E = <f>! [(1 - x)Tx + = ifjjF 
where F is defined by this equation. F will in general be 
nonsymmetric and therefore an impure distortion, but it can 
be expressed as the product of a rotation ^  and s pure dis­
tortion Fg. Fg can be diagonalized by a rotation P and will 
have real eigen values. 
Let F& denote this diagonal matrix. 
i \ 0 0 ^ 
0 ^ 0  
0 0 Ag I 
From the form of the Bain distortions used in the austinite-
mertensite transformations it is possible to obtain one eigen 
value by inspection. The requirement that there be a habit 
Ed = 
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plane determines one other eigen value to be unity. The third 
can be obtained from the fact that the product of the eigen 
values is the volume change since the determinant of a rota­
tion is unity. The equation of the habit plane is then ob­
tained from the requirement that a vector in it undergo no 
change in length. This condition can be written as 
Sa * ra 
e 9 
= 
rd 
so the plane as expressed in terms of the known eigen values 
is 
A i - 1  
A| - 1 ^ 
WLR then determine an expression for the intersection of 
the twin and habit plane from which it is possible to deter­
mine C the matrix which diagonalized F . Upon determination 
of V one can express the normal of the habit plane in terms 
of the original coordinates system. It is now possible to 
solve F = Ly j-1 ^ F^ H (where P ^ denotes the transpose) for P 
and x. WLR then can determine the magnitude and direction of 
the average shear, and orientation relationships between the 
austinite and each of the twins. They also show that a single 
Bain distortion coupled with a parametric value of slip gives 
equivalent results. 
If the oi. - ^  Hg transition described »bove is referred 
to the orthogonal axes of the the deformation Is of the 
form: 
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IX 0 n\ X = 8799 
where m = 1.1599 0 m 0 
\ P o j) y n = —•1980 
o = .419-3 
es contrasted with the diagonal distortion in the austinite-
raartensite case. The twinning is accomplished by replacing 
x by z, i.e. n by p in the distortion. F then becomes: 
From this point on the procedure differed fro^ WLP.. It was 
insure coherent twinning so the following method was employed. 
The coherent condition can be expressed by requiring 6et F to 
be equal to the det T, independent of x. Therefore it is POS-
ecuel to zero, since the volume change of the transformation 
must not depend on the relative amount of twin Now we have 
F as function of x. It is convenient to test at this point 
whether the method is valid. The criterion is that x be e 
reel positive number between zero end 1. The method used is 
es follows: 
F is a nonhomogeneous deformation which can be factored 
as above into a symmetric matrix and e rotation 
not evident geometrically what value of should be used to 
sible to determine <{) by setting the coefficients of x and x^ 
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taking the transpose of both sides yields 
Ft = Fgtp"1 (?) 
but = Fg by definition; and since is a rotation, 
-1 where Ifdenotes the inverse -
Multiplying equation 1 by ecuation ? fro- the right one 
obtains 
F^F = FSFS 
If F" diagonalizes Fs it also dlagonalizes F% since 
r FtFrt = rFsrtrFsrt 
and the product of two diagonal matrices is diagonal. The 
eigen values of F^F are the squares of the eipen values of Fg. 
The existence of a habit plane is dependent uoon having an 
eigen value equal to unity so F^F must also h^ve eigen vlue 
1. 
Thus the determinant of (F^F - I) must eoual zero. At 
first glance this appears to give an equation in x involving 
4th order. It turns out that the higher order terms can be 
grouped into the square of the det F which is a known number, 
so the equation is quadratic. Using the notât'on 
«V 0 Y 
F = 0 m 0 
o p 
where the oL , ^  , IS , S are linear functions of x, the 
equation reduces to 
|(<*(3 - ^ fcT)P'+ l-oCP - (3* - * ° - 5°~] = 0 
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If x is not between 0 and 1 the theory is not applicable. 
This is the case for the d - ^  transforation. 
When this condition is realized, the procedure would be 
sb follows. F is now determined so one can determine F^F. 
Solving the standprd eigen vplue problem will give Ao 
, O 
and A 2' The eigen vplues of Fg mpy be taken a s the positive 
squpre roots as F is p distortion matrix. P may be deter­
mined from s knowledge of the eigen vectors. Fg is obtained 
from F Fg = F^P . Finally F = Lj/ Fg can be used to solve for 
the rotation . 
